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Annomayusn. B pabote paccMaTpuBaeTcs BIUSHUE MOJEIN TYpOYJIEHTHOCTH, TOTIOJIOTHH CETKU U XapaKTepu-
CTHK MOTOKAa Ha TOYHOCTb YHCIIEHHOTO IIPOTHO3MPOBAHMS T'MIAPOJMHAMUYECKUX XAPAKTEPUCTHK I'peOHOro
BHHTA B LIMPOKOM J[HAaNa30HE OTHOCHUTENbHOU mocTynu. YpaBHeHHs RANS pemieHsl ¢ momMouisto Ansys
Fluent nst oleHKM THAPOAMHAMHUYESCKUX XapaKTEPHCTHK MOJECIU HW30JHMPOBAHHOIO IPeOHOrO BHUHTA THUIA
E779A. JocToBepHOCTh YHUCICHHBIX Pe3yIbTaTOB ObLIA MPOBEPEHA H3BECTHHIMH SKCIIEPUMECHTAIBHBIMH JIaH-
HBIMH; YUCJIEHHO-3KCIIEpUMEHTAIbHOE CPaBHEHHE MTOKAa3aJI0 XOpoIllee COOTBETCTBUE. bbutn mpeacTaBieHsl U
MIpOaHAM3UPOBAHBI 3HaYeHUS Kod(huiineHToB ynopa, MomerTa u KI1JI st pa3nuaHbix Moaesei TypOyneHT-
HOCTH U TOHNOJIOTUH CETKM KaK B CTALIMOHAPHOM, TaK U B HECTAL[HIOHAPHOM IIOTOKE. Y CTAHOBJICHO, YTO HC-
MI0JIb30BaHUE NEPEXOAHON MOJETH TypOyJIIEHTHOCTH B COUETAHUHU C T€KCAdIPUUECKON CETKOW rapaHTHpYeT
BBICOKMI1 YPOBEHb TOUHOCTH OINPEAEICHUS I'MAPOANHAMUYECKUX XapaKTEPUCTHK U30JIMPOBAHHOTO IpeOHOTO
BUHTA.

Knrwouesvie cnosa: rpedbnoii Bunt, INSEAN E779A, CFD, RANS, Ansys Fluent, Mmogenu TypOyJIeHTHOCTH,
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Abstract. The effects of the turbulence model, grid topology, and flow characteristics on the accuracy of nu-
merical prediction of propeller hydrodynamic performance were studied over a wide range of advance ra-
tios. RANS equations were solved with Ansys Fluent to evaluate the hydrodynamic coefficients of the E779A
propeller model in the open water tests. The validity of the numerical results was examined by a published
experimental benchmark; the numerical-experimental comparison revealed a good agreement. Thrust coeffi-
cient, torque, and efficiency were presented and analysed for different turbulence models and grid topologies
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in both steady and unsteady flow. It is found that using the transition turbulence model in conjunction with the
hexahedral grid guarantees a high level of accuracy of the propeller hydrodynamic performance in the open
water tests.

Keywords: marine propeller, INSEAN E779A, CFD, RANS, Ansys Fluent, turbulence models, open water
tests
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Introduction

The hydrodynamic performance of the propeller has been assessed by researchers using a
variety of methods. The initial approaches were experimental methods and empirical models. Later,
many numerical methods based on potential theory were developed, including the Blade Element
Theory (BET), Blade Element Momentum Theory (BEMT), Integral Boundary Layer Method
(IBLM), and Boundary Element Method (BEM). As the Computational Fluid Dynamics (CFD) has
advanced and computer performance has continued to rise, viscous solutions have grown in popular-
ity and versatility. However, many factors, including CAD geometry, topology, size of computational
domain, meshing strategy, and physical modelling, greatly influence the results obtained by the vis-
cous method. As a result, many researchers are interested in precisely determining how these factors
affect the propeller's hydrodynamic properties.

The choice of the grid topology affects both the solver's capabilities and the accuracy of the
results, so it's crucial to select the appropriate topology for the problem being addressed. Sikirica A.
et al assessed the suitability of the hybrid and hexahedral grids for forecasting maritime propeller
performances [1]. They evaluated the hydrodynamic properties of PPTC using SST k-w and realiza-
ble k-€ turbulent models. The numerical computations were performed with STAR-CCM+ and Ansys
Fluent. According to their findings, both hexahedral and hybrid grids yield comparable results; how-
ever, when compared to SST k-w, the realizable k-e models yield more accurate results, particularly
at high advance ratios J. Morgut and Nobile also investigated the impact of mesh type and turbulence
model on the accuracy of propeller performances [2]. They studied the hydrodynamic performance
of two different propellers, E779A and P5168 types. Two different mesh types were used: hybrid
mesh and hexahedral mesh. The flow around the propellers was computationally modeled with the
CFX software using two turbulence models, SST and RSM. They reported that the different meshes
and turbulence models used in their research had shown comparable levels of accuracy. Tu T.N, in
his work, used two different grids: hexahedral and polyhedral, and two turbulence models to examine
the PPTC propeller's hydrodynamic performances in open water tests [3]. The numerical results of
the RANS (Reynolds-averaged Navier-Stokes equations) solver indicated that both turbulence mod-
els have a similar degree of accuracy, but the hexahedral mesh produced slightly more accurate results
than the polyhedral. Wang and Walters compared the hydrodynamic properties of the propeller using
the SST k-w turbulence model and the transition-sensitive turbulence model TSM [4]. Their results
indicated that the calculated thrust with the TSM model showed improvement compared to the SST
model, but the relative errors remain large when compared to experimental values. However, other
authors' works, including those of [2], [5] and [6], also examined the impact of the turbulence model
and reported that the effectivity of turbulence models depends directly on the advance ratio.

Many researchers have used the viscous model to evaluate the propeller’s hydrodynamic per-
formance [7-11] but most studies used two-equation turbulence models and were limited to compar-
ing only two models - one of which was commonly SST k-omega turbulence model. Despite its ad-
vantages, in terms of adaptability to complicated surfaces like propellers, the tetrahedral grid has
received insufficient attention and comparison. The steady-state assumption, commonly used in pro-
peller performances prediction, may not capture all dynamic interactions, so it is worth comparing it
to the unsteady-state assumption.

In this paper, the viscous flow around a four-blade propeller was simulated over a wide
range of advance ratios. Various turbulence models were implemented, effects of steady and uns-
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teady assumptions on the propeller performance were investigated and analysed across various grid

topologies.

Problem definition
Propeller geometry

This study will employ the E7794 propeller to numerically simulate the flow and explore the
propeller's hydrodynamic properties in open water tests. E7794 is a four-blade, fixed-pitch, low-skew
propeller designed in 1959 by the Italian Ship Model Basin (INSEAN) for hydrodynamic and hydro-
acoustic experiments. It is well documented in the literature, making it a benchmark for confirming
numerical results. Experimental data used throughout the course of this study were carried out in
INSEAN towing tank and publicly accessible under the name INSEAN E779A Propeller Experi-
mental Dataset [12]. However, the propeller shape and physical attributes are depicted in the (Fig. )

and (Table 1), respectively.

Fig. 1. The geometry of E7794 propeller

Table 1
Principal particulars of E7794 propeller

Diameter D m 0.2273
Expanded Area A./A - 0.6890
Nominal Pitch P m 0.2500
Pitch Ratio P/D - 1.1000
Number of Blades Z - 4

Boss Ratio /R - 0.2000
Skew Angle at Blade Tip gt deg 4.3500
Hub Diameter Dy, m 0.0455
Hub Length Ly, m 0.0683
Reference chord c m 0.0870
Nominal Rake deg 45833

Nondimensiolity

The thrust T, torque Q, and efficiency of the propeller are expressed in terms of dimensionless
coefficients Kr, K, and 1,, as follows:

T
KT = pn2D4_1
__0
Q™ pn2ps’
_Kr ]
Mo =%, 2w
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where D is the diameter of the propeller, n is the rotational speed of the propeller and p is
the density of the fluid. J is the advance ratio that describe the relationship between the speed at
which the ship is moving forward V, and the speed at which its propeller is turning, J is given as
follows:

Va
I== (4)

Governing equations

Navier-Stokes and continuity equations provide a complete mathematical description of the
flow of incompressible Newtonian fluids, the differential forms of these equations are as fol lows:

d(puy) , O(pujuy) _ 9p 9%y,

ot 9% 9i— 5, TH ox;? (%)
o(w) _
ox 0 ©

Where p is the dynamic viscosity, p is the pressure, u; is the velocity vector and x; ; is the
spatial vector.

These equations are discretized over the domain using the well-known finite volume method
FVM. To characterize the turbulent flow around the propeller in a way that achieves a balance be-
tween accuracy and computational cost, RANS is used. According to RANS, averaged Navier-
Stokes's equations for incompressible flow are written as follows:

opw)  9pww) _ _9p 9 oy
ot + oxj axi+axj(TU puluj), ™

Where: 7;; is the viscous stress, while puju; is the Reynolds stress.

The appearance of Reynolds stress makes the previous set of equations unclosed and unsolv-
able set. To close this system of equations, it is necessary to model the turbulence and estimate the
value of 7. In this study, various turbulence models will be used to close the system, and their impact
on the prediction of propeller's hydrodynamic performance will be evaluated and compared. Turbu-
lence models intended to be studied are listed and classified here according to their number of equa-
tions: one equation (Spalart-Allmaras), two-equation (RNG k-epsilon, realized k-epsilon, SST k-ome-
ga), and a three-equation model (transition k-kl-omega).

Numerical formation
Computational domain

A cylindrical domain with a diameter of 5D was used to simulate the flow around the propel-
ler; the inlet and outlet were placed at a distance of 3D upstream and 5D downstream from the pro-
peller plan, respectively. To handle the propeller rotation, the domain is equipped with a coincided
cylinder that encloses the propeller disc and forms the rotary domain.

Grid generation

Three types of mesh; Hexahedral, Tetrahedral and poly-hexcore mesh were generated by An-
sys Fluent Meshing tool. The non-dimensional wall distance y* for all typologies of grids was kept
unchanged, the average value of y* on solid surfaces is 6. y© = u;y/v, where u, is the friction
velocity, y is the distance to the wall, and v is the kinematic viscosity of the fluid. However, to accu-
rately capture the flow characters fine zones surrounds propeller tips and hub were added.

The computational domain is presented in (Fig. 1), a general view highlighting different zones
of the computational domain is shown in (Fig. 2).
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Fig. 2. Overview of the computational domain and Grid structure around E779A propeller:
(a) hexahedral mesh; (b) poly-hexcore mesh; (c) tetrahedral mesh.

Numerical settings

Finite Volume Method (FVM) is used to discrete the flow domain into a finite number of
control volumes. Ansys fluent is used to simulate the viscous flow for propeller open water tests and
solve the Reynolds-averaged Navier-Stokes (RANS) equations.

Simulations were conducted over a range of advance coefficients / 3 [0~ 1.145]. corre-
sponded to the range of Reynolds numbers [462647 — 520462]. The Reynolds number was defined
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Coy /VA2+(0.7nnD)2 ) )
as Re = , Where C, » was the propeller blade chord at 70% of radius, D and n is the

v
diameter and rotational speed propeller, respectively. v is the kinematic viscosity.

The propeller rotation is simulated using the moving reference frame (MRF) approach, rota-
tional speeds were setat n = 11.7881 [rps]. Turbulence intensity Tu and eddy viscosity ratio ut/p
are set to 2% and 10 respectively [13]. The time step for unsteady simulations was set to At =
2.35-107* [s] corresponds to one degree of propeller rotation.

According to the environment of the experimental work, the water condition is modeled as
fresh water at 16°C, the corresponding value of density p and kinematic viscosity v are setto p =
102.06 [KgS?/m*] and 1.1099 10° [m?/S], respectively.

Uniform flow velocity condition is set on the inlet, a Slip conditions to the stator surface and
no-Slip condition was imposed to Shaft, hub and blade walls. On the outlet zero Pa static pressure
was imposed.

Grid convergence study

Seven successive poly-hexcore grids with a refinement factor r, = v/2 and average y+ ~ 6
were created. Grid convergence was studied at /| = 0.747 using steady simple solver and SST k-
omega turbulence model. Numerical results and experimental data were compared, grid sizes and
relative errors are provided in (Table 2). According to the presented results, the grid “6” will be used.

Table 2
Convergence study results with SST k-omega turbulence model at j =0.747
i Cell Te=V?2 Kt Kq n CED Kt Kq n Error | Error | Error
counts CFD CFD Exp | Exp | Exp kt% kg% | Eta%
1| 951542 8.00 0.2083 | 0.03974 | 0.623 6.152 | 1.886 | 4.3472
2 | 1064283 | 5.66 0.2088 | 0.03974 | 0.625 5.905 | 1.889 | 4.0938
3| 1269072 | 4.00 0.2088 | 0.03964 | 0.626 5.944 | 2.121 | 3.9054
4| 1444123 | 2.83 0.2094 | 0.03971 | 0.627 | 0.222 | 0.041 | 0.652 | 5.662 | 1.960 | 3.7761
512096776 | 2.00 0.2098 | 0.03981 | 0.627 5473 | 1.714 | 3.8249
6| 2572131 | 141 0.2099 | 0.03985 | 0.626 5.442 | 1.599 | 3.9052
7| 6087811 | 1.00 0.2100 | 0.03986 | 0.6265 5.423 | 1.580 | 3.9049
Results

Effect of turbulent model

The propeller's hydrodynamic performances are investigated using a steady-state solver over
a poly-hexcore mesh (hybrid). In (Fig. 3) the experimental results are compared with the numerical
results obtained by two-equation turbulence models: RNG, Realizable k-Epsilon, and KW SST tur-
bulence models.

In general, the numerical results obtained with RNG and Realizable k-Epsilon turbulence
models agree well with the experimental values of K; and K, over the entire range of the examined
advance ratio j except for the narrow range j 3 [0~ 0.149]. Outside of this range, both models
slightly overestimate the torque coefficient K, and underestimate the thrust coefficient K;. The nu-
merical results obtained by KW SST are directly related to the advance coefficient j. At low values
of j, KW SST accurately predicts the thrust coefficient K while slightly overestimates the torque
coefficient K. At high values of j, it slightly underestimates both K, and K;. However, comparing
the numerical results of all analysed two-equation models reveals that KW SST better predicts K,
and K, values across the whole range of ;.

Regarding efficiency, the investigated tow-equation turbulence models accurately predict the
efficiency at low advance ratios, but clearly underestimate it at high advance ratios. However, the
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KW SST turbulence model predicts efficiency more accurately than the other models studied over
the entire values of j, except for j = 1.145 where realizable k-Epsilon model is better. The error in
evaluating propeller efficiency at j = 0.845 reaches -9.3% for RNG k-¢, -8.1% for realizable k-¢, and
only -6.1% for SST k-® model.

—B Kt EXP B 10Kg_EXP —8— Fita_EXP
KL_RNG 10Kg_RNG ETTA_RNG
09 === —{tTealizable v grer10KgTealizable tpeFtta—Tealizable

— 4= Kt_SST <o+ 10Kg_SST 4 Etta_SST

KT, 10KQ, ETTA

0.2 0.4 0.6 0.8 1.0 1.2
J

Fig. 3. Propeller hydrodynamic curves using two-equation turbulence models.
Hybrid mesh, steady state.

To investigate the effect of the turbulence model's number of equations on the numerical pre-
diction accuracy, one-, two- and three-equation models were used. The results were validated against
experimental data in (Fig. 4).

The numerical results of the studied turbulence models generally agree well with the experi-
mental results for the thrust and torque coefficients over the entire range of the advance ratio j, with
the exception of the narrow range of j 3 [0~ 0.149], where one- and three-equation models (Spalart-
Allmaras and k-kl-omega, respectively) significantly underestimate both the thrust and torque coef-
ficients. However, outside this range, the one-equation model (Spalart-Allmaras) underestimates the
thrust coefficient while overestimates the torque coefficient. Both two- and three-equation models
(KW SST and k-kl-omega, respectively) accurately predict the thrust coefficient, but their ability to
predict the torque coefficient varies with the advance ratio, since both overestimate the torque coef-
ficient at low advance ratios and underestimate it at high advance ratios.

Regarding efficiency; the studied models accurately predict propeller efficiency »n at low ad-
vance ratios j, while at high advance ratios the discrepancy between numerical and experimental
values increases significantly. (Fig. 4) shows that the relative error committed in evaluating the effi-
ciency at advance ratio j = 0.945 is approximately -13.2% for the one-equation model, -9.6% for the
two-equation model, and 3.1% for the three-equation model. However, curves of propeller efficiency
also indicate an improvement in the estimation ability as the number of equations of the turbulence
model increases.
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Fig. 4. Propeller hydrodynamic curves using different type of turbulence models.
Hybrid mesh, steady state.

Effect of mesh topology

To investigate the effect of mesh topology on propeller hydrodynamic performance predic-
tion, a steady-state numerical simulation is performed using a three-equation turbulence model (k-kl-
omega) and three distinct mesh topologies: hexahedral, tetrahedral, and poly-hexcore (Fig. 6).
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Fig. 5. Propeller hydrodynamic performance using different grid topology,
transition turbulence model, steady state.
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Tetrahedral mesh clearly overestimates thrust and torque coefficients at low advance ratios
while underestimates them at high advance ratios, the tetrahedral mesh yields the least accurate find-
ings among the topologies tested.

The hexahedral and poly-hexcore topologies produce similar outcomes and are more con-
sistent with experimental results than the tetrahedral mesh. However, numerical results from poly-
hexcore meshes correspond better with experimental data at low advance ratios, but hexahedral
meshes are more accurate at higher advance ratios.

Regarding efficiency, hexahedral mesh outperforms tetrahedral and poly-hexcore meshes
across the whole examined range of advance ratios, with the exception of j 3 [1.02~ 1.045], where
poly-hexcore mesh appears to be more accurate.

At j = 0,945, the error in evaluating propeller efficiency reaches 3.24% for tetrahedral,
3.08% for poly-hexcore and only 1.60% for the hexahedral mesh.

Effect of steady and unsteady assumptions on the propeller's hydrodynamic performances

SIMPLE unsteady solver was used to study the effect of steady and unsteady assumption on
the numerical prediction of propeller’s hydrodynamic performance. Investigation was carried out us-
ing three-equation turbulence model (k-kl-omega) on hexahedral mesh. However, to generalize re-
sults, the simulations were repeated on different mesh topologies (tetrahedral and poly-hexcore) and
presented in (Fig. 6).

(Fig. 6) indicates that using unsteady assumptions did not improve the numerical simulation
of the tetrahedral mesh at all, but did slightly improve the hexahedral and poly-hexcore mesh results
at high advance ratios. Using unsteady solver reduced the inaccuracy at j = 1.094 from 1.29% to -
1.09% for hexahedral mesh and from -2.38 to -1.02% for poly-hexcore mesh.
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b) ) ) j
Fig. 6. steady and unsteady evaluation of propeller performance using transition turbulence model
and different grid topology.
Conclusion and recommendations

A series of systematic computations were performed to investigate the influence of the grid
topology, turbulence model, and steadiness assumption on the accuracy of propeller hydrodynamic
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performance prediction over a wide range of advance ratios j. Ansys fluent was used to conduct
numerical simulations on the E779A propeller model. The propeller hydrodynamic coefficients K,
Ky, and n were evaluated in open water tests using RANS in both steady and unsteady approxima-
tions. The turbulent models under consideration included (Spalart-Allmaras, RNG k-epsilon, realized
k-epsilon, SST k-omega, and transition k-kl-omega). The simulations used three distinct grid topolo-
gies (hexahedral, tetrahedral, and poly-hexcore).

The results obtained in this work can be summarized as follows:

e Among the analysed two-equation models (RNG k-epsilon, realized k-epsilon, and SST k-
omega), the SST k-omega turbulence model had the best ability to predict the propeller's
hydrodynamic performances over the entire range of studied advance ratios.

o When more equations are used in turbulence models, the numerical results become more
accurate.

e The transition three-equation turbulence model (k-kl-omega) predicts propeller perfor-
mance better than the one- and two-equation models evaluated.

o Hexahedral grids outperform poly-hexcore and tetrahedral grids in terms of properly pre-
dicting propeller performances at various advance ratios.

Unsteady assumptions had no impact on the numerical simulation of the tetrahedral mesh, but

they did slightly improve the hexahedral and poly-hexcore mesh results only at high advance ratios.
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